The hadronic decay B → J/ψK * is analyzed within the framework of QCD factorization. The spin amplitudes A 0 , A and A ⊥ in the transversity basis and their relative phases are studied using various different form-factor models for B − K * transition. The effective parameters a h 2 for helicity h = 0, +, − states receive different nonfactorizable contributions and hence they are helicity dependent, contrary to naive factorization where a h 2 are universal and polarization independent. QCD factorization breaks down even at the twist-2 level for transverse hard spectator interactions.
I. INTRODUCTION
It has been well known that the factorization approach (naive or generalized) fails to explain the production ratio R = B(B → J/ψK * )/B(B → J/ψK) and the fraction of longitudinal polarization Γ L /Γ in B → J/ψK * decay. We consider two representative formfactor models for B −K(K * ) transitions, the Ball-Braun (BB) model based on the light-cone sum rule (LCSR) analysis [1] and the Melikhov-Stech (MS) model [2] based on the constituent quark picture. Both are consistent with the lattice calculation at large q 2 , the constraint from B → φK * at lower q 2 and the constraint from heavy quark symmetry on the q 2 dependence of heavy-light transition (see Sec. IV for more details). We see from Table I that in general the predicted longitudinal polarization is too small, whereas the production ratio is too large. This is understandable because the parameter a 2 , which governs B → J/ψK(K * ) decays, is assumed to be universal according to the factorization hypothesis, namely a ) < ∼ 1/2 and R is expected to be greater than unity due to three polarization states for J/ψK * . These two problems will be circumvented if nonfactorized terms contribute differently to each helicity amplitude and to different decay modes so that a other words, the present data imply that the effective parameter a h 2 should be non-universal and polarization dependent. Recently two of us have analyzed charmless B → V V decays within the framework of QCD factorization [7] . We show that, contrary to phenomenological generalized factorization, nonfactorizable corrections to each partial-wave or helicity amplitude are not the same; the effective parameters a i vary for different helicity amplitudes. The purpose of the present paper is to study the nonfactorizable effects in B → J/ψK * decay within the same framework of QCD factorization. The decays B → J/ψK(K * ) are of great interest as experimentally only a few color suppressed modes in hadronic B decays have been measured so far. The recent measurement by BaBar [5] has confirmed the earlier CDF observation [3] that there is a nontrivial strong phase difference between polarized amplitudes, indicating final-state interactions. However, no such evidence is seen by CLEO [4] and more recently by Belle [6] . It is interesting to check if the current approach for B hadronic decays predicts a departure from factorization. Therefore, the measurements of various helicity amplitudes in B → J/ψK * decays will provide a nice ground for testing factorization and differentiating various theory approaches in which the calculated nonfactorizable terms have real and imaginary parts. It is known that in the QCD factorization approach the coefficient a 2 is severely suppressed in the absence of hard spectator interactions. It has been shown in [8] that |a 2 | in B → J/ψK is of order 0.11 to the leading twist order, to be compared with the experimental value of order 0.25. The twist-3 effect in hard spectator interactions will enhance a 2 to the value of 0.19 +0.14 −0.12 . We shall see later that, contrary to the J/ψK case, a 0 2 in B → J/ψK * does not receive twist-3 contributions and it is dominated by twist-2 hard spectator interactions. The layout of the present paper is as follows. In Sec. II we first outline the necessary ingredients of the QCD factorization approach for describing B → J/ψK * and then we proceed to compute vertex and hard spectator interactions. The ambiguity of the experimental determination of spin amplitude phases is addressed in Sec. III. Numerical calculations and results are presented in Sec. IV. Discussions and conclusions are shown in Sec. V. Some relevant formulas for Sudakov effects on hard spectator interaction amplitudes are shown in Appendix.
The general B → J/ψK * amplitude consists of three independent Lorentz scalars:
where p c is the c.m. momentum of the vector meson in the B rest frame. If the final-state two vector mesons are both light as in charmless B → V 1 V 2 decays with V 1 being a recoiled meson and V 2 an ejected one, it is expected that |H 0 | 2 > |H + | 2 > |H − | 2 owing to the argument that the amplitude H + is suppressed by a factor of √ 2m 2 /m B as one of the quark helicities in V 2 has to be flipped, while the H − amplitude is subject to a further chirality suppression of order m 1 /m B [9] . However, for B → J/ψK * decay, √ 2m J/ψ /m B is of order unity and hence in practice H + and H 0 can be comparable.
Note that the polarized decay amplitudes can be expressed in several different but equivalent bases. For example, the helicity amplitudes can be related to the spin amplitudes in the transversity basis (A 0 , A , A ⊥ ) defined in terms of the linear polarization of the vector mesons, or to the partial-wave amplitudes (S, P, D) via:
3)
where we have followed the sign convention of [10] . The decay rate reads
The effective Hamiltonian relevant for B → J/ψK * has the form
where * For B → J/ψK * decay the transverse amplitudes are given by H ± = −a ± m B p c c.
with O 3 -O 6 being the QCD penguin operators, O 7 -O 10 the electroweak penguin operators, and (q 1 q 2 ) V ±A ≡q 1 γ µ (1 ± γ 5 )q 2 . Under factorization, the decay amplitude of B → J/ψK * reads
where
Note that for B → J/ψK * decay, the factorizable amplitude X 9) whereã(J/ψK * ) = a 2 +a 3 +a 5 +a 7 +a 9 . Note that the helicity amplitudes H ± in B → J/ψK * are precisely the ones H ∓ in B → J/ψK * decays. Hence, in the factorization approach one has |H − | > |H + | for the former and |H + | > |H − | for the latter. This is consistent with the picture that the s quark produced in the weak process b → ccs in B → J/ψK * has helicity −1/2 in the zero quark mass limit. Therefore, the helicity of K * in B → J/ψK * cannot be +1 and the corresponding helicity amplitude H + vanishes in the chiral limit [11] .
B. QCD factorization
Under naive factorization, the coefficients a i are given by a 2i = c 2i +
In the present paper, we will compute nonfactorizable corrections to a h 2 (J/ψK * ). The effective parameters a h i entering into the helicity amplitudes H 0 and H ± are not the same.
The QCD-improved factorization approach advocated recently in [12] allows us to compute the nonfactorizable corrections in the heavy quark limit since only hard interactions between the (BV 1 ) system and V 2 survive in the m b → ∞ limit. Naive factorization is recovered in the heavy quark limit and to the zeroth order of QCD corrections. In this approach, the light-cone distribution amplitudes (LCDAs) play an essential role. The LCDAs of the vector meson are given by [13, 12] 
⊥ (ξ),
where x 2 = 0, ξ is the light-cone momentum fraction of the quark q in the vector meson, f V and f T V are vector and tensor decay constants, respectively, but the latter is scale dependent. In Eq. (2.10), Φ (ξ) and Φ ⊥ (ξ) are twist-2 DAs, while
⊥ and g
(a)
⊥ are twist-3 ones. Since 
where h ′ (ξ) = dh(ξ)/dξ and we have neglected light quark masses and applied the relation
which vanishes for a light vector meson. From Eq. (2.12) we see that the twist-3 DA h (t) of K * does not make a contribution.
In the heavy quark limit, the B meson wave function is given by
with n − = (1, 0, 0, −1) and the normalization conditions
Likewise, to the leading order in 1/m c , the J/ψ wave function has a similar expression
Since the J/ψ meson is heavy, the use of the light-cone wave function for J/ψ is problematic. The effects of higher twist wave functions have to be included and may not converge fast enough. Because the charmed quark in J/ψ carries a momentum fraction of order ∼ m c /m J/ψ , the distribution amplitudes of J/ψ vanish in the end point region. In the following study we adopt Φ || as the DA of the non-local vector current of J/ψ rather than g 
The inclusion of vertex-type corrections and hard spectator interaction in QCD factorization leads to
where C F = (N 2 c − 1)/(2N c ) and the superscript h denotes the polarization of the vector mesons: h = 0 for helicity 0 state, and h = ± for helicity ± ones. In the naive dimensional regularization (NDR) scheme for γ 5 , F h in Eq. (2.18) has the form
where the hard scattering function f 
C. Vertex corrections
The calculation of vertex corrections in Fig. 1 is very similar to that in B → J/ψK decay and the detail can be found in [8] . In terms of the two hard kernels f I and g I given by 20) and
, the first scattering function f h I induced from vertex corrections has the form (ii) It is easily seen that in the zero J/ψ mass limit, 
and hence A
D. Hard spectator interactions
For hard spectator interactions, we write 27) where the subscript (...) denotes the twist dimension of the LCDA. To the leading-twist order, we obtain
This can be further simplified by noting thatρ 29) where the z terms in the numerator cancel after the integration over ξ via Eq. (2.24). Likewise, for transversely polarization states, we find
Note that the hard gluon exchange in the spectator diagrams is not as hard as in the vertex diagrams. Since the virtual gluon's momentum squared there is k
, where Λ h is the hadronic scale ∼ 500 MeV, we will set α s ≈ α s ( √ Λ h m b ) in the spectator diagrams. The corresponding Wilson coefficients in the spectator diagrams are also evaluated at the µ h = √ Λ h m b scale. As for twist-3 contributions to hard spectator interactions, we find
(2.32)
Since asymptotically Φ K * (η) = 6η(1 −η), the logarithmic divergence of theη integral in Eq. (2.29) implies that the spectator interaction is dominated by soft gluon exchanges between the spectator quark and the charmed or anti-charmed quark of J/ψ. Hence, QCD factorization breaks down even at the twist-2 level for f + II (2) . Thus we will treat the divergent integral as an unknown "model" parameter and write
with ρ H being a complex number whose phase may be caused by soft rescattering [12] . Note that linear divergences are cancelled owing to the relation (2.24). Needless to say, how to treat the unknown parameter ρ H is a major theoretical uncertainty in the QCD factorization approach.
E. Distribution amplitudes
If we apply the asymptotic form for the vector meson's LCDAs [13] 
it is easy to check that f − II(3) = 0. Since the scale relevant to hard spectator interactions is of order µ h = √ Λ h m b ≈ 1.5 GeV, it is important to take into account the evolution of LCDAs from µ = ∞ down to the lower scale. The leading-twist LCDA Φ M can be expanded in terms of Gegenbauer polynomials C 3/2 n [13]:
where the Gegenbauer moments a M n are multiplicatively renormalized. To n = 2 we have
where ξ = 2x − 1. For twist-3 DAs we follow [15] 
⊥ (x, µ) = in [15] and [14] .
where the Gegenbauer moments and couplings η 3 , ω V,A 3 , δ +,− for K * at the scale µ 2 = 1 GeV 2 and µ 2 = 5 GeV 2 can be found in [15] . It turns out that the end-point behavior of g
⊥ for K * is substantially modified and is very different from that of the asymptotic form (see Fig.   3 of [14] ).
III. EXPERIMENTS
The angular analysis of B + → J/ψK * + and B 0 → J/ψK * 0 has been carried out by CDF [3] , CLEO [4] and most recently by the B factories BaBar [5] and Belle [6] . The three polarized amplitudes are measured in the transversity basis with results summarized in Table IV 
Take the BaBar measurement [5] as an example :
where the phases are measured in radians. The other allowed solution is
As pointed out in [11] , the solution (3.2) indicates that A has a sign opposite to that of A ⊥ and hence |H + | < |H − |, in contradiction to what expected from factorization. Therefore, we will compare solution (3.3) with the factorization approach. Obviously there is a 3-σ effect that φ is different from π and this agrees with the CDF measurement. However, such an effect is not observed by Belle and CLEO (see Table IV ). In Table IV CLEO [4] .
(3.5)
IV. NUMERICAL RESULTS
To proceed we use the next-to-leading Wilson coefficients in the NDR scheme [16] Table XXII of [16] with α being an electromagnetic fine-structure coupling constant. For the decay constants, we use
and we will assume f T V = f V for the tensor decay constant. For LCDAs we use those in Sec. II.E, and the B meson wave function
with ω B = 0.25 GeV and N B being a normalization constant.
In the following study, we will consider seven distinct form-factor models: the BauerStech-Wirbel (BSWI) model [17, 18] , the modified BSW model (referred to as the BSWII model) [19] , the relativistic light-front (LF) quark model [20] , the Neubert-Stech (NS) model [21] , the QCD sum rule calculation by Yang [22] , the Ball-Braun (BB) model based on the light-cone sum rule analysis [1] , the Melikhov-Stech (MS) model based on the constituent quark picture [2] and the Isgur-Wise scaling laws based on the SU(2) heavy quark symmetry (YYK) so that the form factor A 1 is mostly flat, A 2 is a monopole-type form factor and V is a dipole-type one [23] . The values of the form factors A Table II . Among the eight form-factor models, only a few of them are consistent with the lattice calculations at large q 2 , constraint from B → φK * at low q 2 and the constraint from heavy quark symmetry for the form-factor q 2 dependence. The BSWI model assumes a monopole behavior (i.e. n = 1) for all the form factors. However, this is not consistent with heavy quark symmetry for heavy-to-heavy transition. The BSWII model takes the BSW model results for the form factors at zero momentum transfer but makes a different ansatz for their q 2 dependence, namely a dipole behavior (i.e. n = 2) is assumed for the form factors F 1 , A 0 , A 2 , V , motivated by heavy quark symmetry, and a monopole dependence for F 0 , A 1 . However, the equality of the form factors A 
are calculated using Eq. (2.18) and their results are shown in Table III . Since the penguin parameters a From the experimental measurement of spin amplitudes, it is ready to extract the parametersã h in various form-factor models. We use the averaged decay rate Γ(B → J/ψK * ) = Normalized spin amplitudes and their phases (in radians) in B → J/ψK * decays calculated in various form-factor models using QCD factorization are exhibited in Table IV , where the unknown parameter ρ H in Eq. (2.33) is taken to be real and unity. We see from the Table  that the predicted |Â 0 | 2 and branching ratios are too small, whereas |Â ⊥ | 2 is too large. It is also clear that a non-trivial phase φ deviated from −π is seen in some form-factor models, but it is still too small compared to the BaBar measurement. Nevertheless, a large phase φ as implied by BaBar can be achieved by adjusting the phase of the complex parameter ρ H , but admittedly it is rather arbitrary. In other words, the present QCD factorization calculation cannot say something definite for the phase φ . There are several major theoretical uncertainties in the calculation: B − K * form factors, the twist-3 LCDAs of K * at the scale µ h and the infrared divergences occurred in twist-2 and twist-3 contributions. It has been advocated that Sudakov form factor suppression may alleviate the soft divergence [25] . Hence, we have studied Sudakov effects explicitly and the detailed results will be presented in a future publication. When partons in the meson carry the transverse momentum through the exchange of gluons, the Sudakov suppression effect will be naturally generated due to large double logarithms exp[−
], which will suppress the long-distance contributions in the small k ⊥ region and give a sizable average k 2 ⊥ ∼Λm B , whereΛ = m B − m b . This can resolve the singularity problem occurring at the end point. Basically, there is no Sudakov suppression in the vertex correction since the end-point singularity in the hard kernel is cancelled in the convolution. However, for the hard spectator interaction, we can have large Sudakov suppression effects at the end point since there are sizable k 2 ⊥ contributions in the propagators. Especially, the endpoint singularities without k ⊥ do not compensate in the twist-3 contributions. We find that a 0 2 is suppressed wherasã − 2 is enhanced by the Sudakov effect and conclude that Sudakov suppression cannot help to solve the discrepancy between theory and experiment.
V. DISCUSSIONS AND CONCLUSIONS
The hadronic decay B → J/ψK * is analyzed within the framework of QCD factorization.
The spin amplitudes A 0 , A and A ⊥ in the transversity basis and their relative phases are studied using various different form-factor models for B − K * transition. The effective parameters a h 2 for helicity h = 0, +, − states receive different nonfactorizable contributions and hence they are helicity dependent, contrary to naive factorization where a h 2 are universal and polarization independent. QCD factorization breaks down even at the twist-2 level for transverse hard spectator interactions. Although a nontrivial strong phase for the A amplitude can be achieved by adjusting the phase of an infrared divergent contribution, the present QCD factorization calculation cannot say anything definite about the phase φ . In QCD factorization we found that a 0 2 and a − 2 are infrared safe. Unfortunately, our conclusion is somewhat negative: the longitudinal parameter a 0 2 calculated by QCD factorization which is of order 0.15 in magnitude is not large enough to account for the observed decay rates and the fraction of longitudinal polarization. This is mainly ascribed to the smallness of a +0.14 −0.12 for |ρ H | ≤ 1 and that twist-2 as well as twist-3 hard spectator interactions are equally important. As for a 0 2 (J/ψK * ), it is dominated by twist-2 hard spectator interactions. We have studied Suadkov form factor suppression on end-point singularities and found that it does not help to solve the discrepancy between theory and experiment. Since the predicted a 0 2 in QCD factorization is too small compared to experiment, one may explore other effects that have not been studied. One possibility is that soft final-state interactions (FSIs) may enhance a quark's helicity is conserved in the strong interaction, this gluon has zero helicity, i.e., it is longitudinally polarized. Following the same argument right after Eq. (2.2), the hybrid K * will make a contribution to H 0 and H + . Although this amplitude is suppressed by order of Λ QCD /m b owing to the presence of an additional propagator compared to the leading diagram, it is enhanced by the large Wilson coefficient c 1 and hence cannot be ignored. A similar mechanism can also give a contribution to the B → J/ψK mode but it is difficult to make a quantitative estimate since the chirally enhanced twist-3 contribution is still quite uncertain. Good candidates to search for evidence of this effect are B → ρ 0 ρ 0 , ρ 0 ω, ωω.
Without taking into account the hard gluon emission, the branching ratios of these decays which are color suppressed and dominated by b → d penguin contributions are of order 10 −7 [29, 30, 7] . Nevertheless, they can receive large contributions, proportional to c 1 at the amplitude level, from the hard gluon emission mechanism so that the branching ratios become 10 −6 ∼ 10 −5 .
Note added: While this paper was nearly completed in writing, we learned the paper by X.S. Nguyen and X.Y. 
